In this study, the effect of single and double row piles for reducing scouring in a mild-curved river meander was studied experimentally. The experimental study focused on the effect of vegetation on bed topography in a mild-curved meander bend. The experimental tests were conducted in a laboratory flume under clear water flow conditions. A series of experimental tests were carried out with a fixed bed and non-vegetated and vegetated moveable beds with different vegetation patterns. Analysis of the flow characteristics indicated that when the bed was mobile with vegetation on the inner bank, the core of maximum streamwise velocity shifted towards the centreline of the bend. Additionally, the cross-sectional kinetic energy increased from 0.05% for the fixed-bed test to 4.30% for the test with a double row of vegetation. Furthermore, the presence of vegetation was found to increase the uniformity of the distribution of turbulence intensity and to reduce the Reynolds shear stress along the test section. Also, the mass fluxes increased from the outer bank to the inner bank and from the upstream towards the downstream of the bend. Finally, comparison of bed topography in vegetated and nonvegetated channels showed that the maximum scour depth at the bend apex was reduced by 77% and 62% for the cases with one row and two rows of vegetation, respectively. The results of this study were compared with previously proposed models for predicting the vertical distribution of the streamwise velocity at the bend apex. It was found that Johannesson and Parker's model (JPM) gave the lowest value of standard error. The above findings are useful in river training works and, in particular, for restoration of meandering rivers.
Introduction
Bank protection against scouring is a very expensive task in river management and river training works. The banks of river bends are most vulnerable to scouring, therefore enhanced protection is required for restoration. Recent research by, for example, Ferreira da Silva (2006) , Abad and Garcia (2009) , Chen and Tang (2012) , Engel and Rhoads (2012) , and Keshavarzi (2011, 2013) has highlighted the importance of river restoration techniques for river management. However, little is known about bank dynamics in meandering rivers and its implications for meander migration. As a result, finding an efficient method of bank protection is important and is the focus of this study.
The banks of many rivers are subject to erosion arising from high bed shear stresses at the outer bank. To mitigate this erosion, protection works need to be undertaken to reduce the potential for bank erosion. Hence, river restoration methods using vegetation on the bank have become one of the most important and popular advances in river engineering within recent years (Pirim et al. 2000) .
A meandering stream is an alluvial stream characterized in plan form by a series of pronounced alternating bends in which the shape of these bends is the result of alluvial processes (U.S. Army Corps of Engineers 1993). Bank erosion has significant effects on channel morphology in meandering rivers and it is due to cross-sectional secondary currents and induced shear stress at the outer bank. Secondary currents are generated due to the interaction of the forces associated with centrifugal acceleration, bed shear stress and longitudinal flow motion (Chang 1988, Termini and Piraino 2011) . The secondary flow moves sediment particles across the channel bed, resulting in erosion at the outer bank and deposition of sediment particles at the inner bank. As a result, increased flow depth and high velocities are produced near the outer bank (Odgaard and Kennedy 1982) .
Considering the first half of the meander shown in Figure 1(a) , the flow adjacent to the inner and outer banks is convergent and divergent, respectively (Yalin 1992) . Termini and Piraino (2011) reported that for lower meander curvature the centrifugal acceleration decreases and crosscirculation becomes insignificant. Yalin (1992) pointed out that for the first/second half of an ingoing meander, erosion occurs at the inner/outer bank, whereas deposition occurs at the outer/inner bank. Parker et al. (1983) defined a critical meander wavelength (λ c ) that determines the distribution of depth-averaged flow velocity across the bend. If λ < λ c , where λ is the meander wavelength, at the bend apex the point of maximum velocity is near the inner bank. Hence, the channel bed near the inner bank erodes and the situation reverses when λ > λ c . When λ = λ c , neither erosion nor deposition occur leading to a neutrally stable equilibrium.
It has been shown that, in order to decrease erosion at the near-bank bed, counter-rotating vortices may be used to lessen the secondary flow (Tominaga et al. 1999 , Ferreira da Silva 2006 . Ashida et al. (1989) investigated bed variations in a meandering channel with sinuosity equal to 1.17. They found that during floods extensive scouring occurs between the inner bank, particularly in the vicinity of the maximum curvature sections, and the downstream section (cited in Okada and Fukuoka 2003) . Although structures such as submerged vanes and groins are widely used for bank protection, bed erosion near the structures can cause failure of the structure itself (Giri et al. 2003) .
Implanting trees or piles is another method for weakening the cross-rotating flow. Bennett et al. (2002) used rigid dowels to change a straight flume into a meandering flume. They observed deposition behind the vegetation due to reduced velocity and found that placing roughness elements that simulate natural vegetation can significantly alter the flow direction. Tominaga and Nezu (2002) studied the flow structure in a single bend with partial vegetation implanted at both the inner and outer banks and observed that the secondary flow was generated only in the region outside the vegetation zones. From the above studies it can be concluded that, despite the flow structures in river meanders being fairly well understood, the effect of different boundary conditions on flow structure and secondary currents needs further investigation. Importantly, the flow and its interaction with bed scouring on the outer bank of meandering rivers becomes more complicated in the presence of the dowels, but there are few studies into the use of cylindrical rods in a channel with meandering bends for scour protection. Therefore, an experimental investigation can be used to study this complicated phenomenon.
Several models, see for example Ackers and Charlton (1970) , Yen (1970) , Ferguson (1975) , Williams (1986) , Olesen (1987) , Odgaard (1989) , Smith (1998) , Chen and Duan (2006) , Magdaleno and Fernández-Yuste (2011) and Chen and Tang (2012) , have been proposed to determine bed topography and flow characteristics within the banks of river bends. Of these models, those developed by Rozovskii (1961) , Johannssesson and Parker (1989) and Bridge (1992) showed that the streamwise velocity increases gradually towards the free surface (Table 1) . However, some experimental observations revealed that the velocity does not increase monotonically but rather, from a specific depth in the flow, the velocity tends to decrease towards the free surface de Vriend 2004, Mozaffari et al. 2011) . Furthermore, the flatness of the streamwise velocity profile has been highlighted as a cause of the influence of secondary flow (De Vriend 1981) , which results in a u is the streamwise velocity, u is the depth-averaged velocity, u 0 is the depth-averaged velocity at the channel centreline, U av is the cross-sectional averaged velocity, u Ã is the shear velocity, u Ã is the depth-averaged shear velocity, U Ã;av is the cross-sectional averaged shear velocity, u Ã0 is the shear velocity at the channel centreline, z is the height above the bed, z 0 is the reference height above the bed, κ is the von Karman constant and d is the flow depth.
decrease in the strength of the secondary flow and therefore a reduction in the dispersion stress. The above interaction between the secondary flow and streamwise velocity increases with the bend curvature, hence the dispersion stress calculated with the analytical velocity profiles only represents the momentum convection for mildly curved bends (Blanckaert 2002) . This paper presents the results of an experimental study into the effect of various arrangements of cylindrical rods on bed topography in a mild-curved ingoing meander bend. Spatial distributions of the mean-flow velocity and the characteristics of the flow turbulence are presented for two different arrangements of cylindrical rods.
Experimental set-up
The experimental tests for this study were undertaken in a rectangular flume that was 15 m long and 0.7 m wide with 0.6 m high vertical sidewalls. Three consecutive meander bends with a wavelength of 2.15 m, sinuosity of 0.83 and width of 0.3 m were used within the flume (see Fig. 2 ). Data required for analysis were obtained in the middle or second bend; see Figure 2 for further details of the measurement location. Straight sections of channel were constructed upstream and downstream of the meanders, with the lengths of these sections being 8 m and 2 m, respectively.
Using the curvature classification of da Silva (1995) , the experimental channel is classified as a mild curve since the ratio of the radius of curvature to the channel width (R/B) was 4.43. The ratio of the channel width to the flow depth (B/H) was 2.7, representing the flow conditions expected to be found in mountain rivers and particularly within flood events de Vriend 2004, Abad and Garcia 2009 ). Based on the da Silva (1995) classification, the channel tested here is an ingoing channel, as the deflection angle was 17°(see Fig. 1 
(a)).
A uniform graded sediment with median diameter (D 50 ) of 0.8 mm, angle of repose (φ) of 27.5°, uniformity coefficient (C u = D 60 /D 10 ) of 1.96 and curvature coefficient C c = D 30 2 / (D 10 × D 60 ) = 0.87 was used in the experiments, where D 10 , D 30 and D 60 are the grain-size diameters smaller than 10%, 30% and 60%, respectively.
Cylindrical rods of 10 mm diameter and 200 mm height were used to simulate the presence of vegetation. These rods were fixed to the floor of the flume and covered with 80 mm of bed sediment. In addition, the bed was level at the beginning of each experiment.
In order to ensure the equilibrium condition was achieved during experimental tests, several thin plastic rulers were attached to the banks of the flume and variations of the bed level were recorded with time. When no changes in bed level were observed with time, the equilibrium condition was achieved, the test was stopped and the bed topography was measured. The duration of the experimental tests ranged from 7 to 13.5 hours to achieve equilibrium conditions. At the end of each experimental test, the bed topography was measured using a digital point gauge with a resolution of ±0.5 mm. A grid of 430 points was used to determine the bed topography, giving a good resolution of the bed topography throughout the test section. Figure 3 shows a typical time variation of the bed level at the bend apex (Test 2).
Three-dimensional (3D) instantaneous flow velocities 5 mm above the bed were measured using an acoustic Doppler velocimeter (Micro-ADV). The sampling frequency was 50 Hz with point measurements taken over a period of 120 s. These 3D velocities in streamwise, radial and vertical directions, denoted by u, v and w, respectively, were measured at 55 grid points through the test section (cross-sections C1 to C5). Also, depth variations of the velocity components were measured at the bend apex (section C3). The accuracy of the data was confirmed by values of signal-to-noise ratio (SNR) and correlation coefficient (COR) being greater than 15 dB and 70%, respectively (Sontek 1997) . In the present experimental tests, all the reported SNR and correlations were checked at the beginning of each test and found to be within the above acceptable ranges. The recorded average SNR values ranged from 24 to 26 with a COR of 80-98.
The 16 tests carried out in this study are summarized in Table 2 . As shown in Figure 2 (b)-(d), three configurations of rigid cylindrical rods implanted at the inner bank were tested.
Results and discussion

Bed topography at the bend
In all the experimental tests (except the fixed-bed test), an irregular 3D sand wave was formed at each bend, which migrated downstream and eventually achieved a quasi-equilibrium state (no change in height and general shape of the sand wave). Therefore, considerable scour was observed at the inner bank for all the moveable tests. This interesting pattern of scour at the inner bank of mild meander bends was reported previously by Giri et al. (2003) . For Test 2 (the non-vegetated test), the longitudinal extension of the sand bar was greater than that of Tests 3 and 4.
At the beginning of Test 3 (first 15 minutes) considerable scour occurred around the first and the last cylindrical rods in the array. Also, as the flow attacked the first rod (section C1), surface waves were generated near the inner bank, which then expanded laterally to downstream and crossed the right bank at section C2. Similarly to Test 2, a sand wave was generated at the first and last bend. The extension of the sand wave was very fast for the last bend, whereas its height reached about half the flow depth 30 min after the beginning of the test. This rapid extension may be related to flow diversion towards the inner bank of the last bend due to the cylindrical rods. But at the middle bend (the test section), no apparent sand wave was observed in the first half of the test section. Unlike Test 2, at the beginning of Test 3 not only was erosion observed at the inner bank of the test section but also some sedimentation was perceived. However, as the sand wave gradually formed at the apex of the inner bank of the test section, the bed erosion was accelerated. This led to more diversion of flow towards the inner bank of the third bend. It took approximately 3 hours for the front of the sand wave to reach to the end of the test section. It was observed that a low-velocity zone formed between the left bank and the cylindrical rods. Due to the high velocity of flow next to the cylindrical rods, a shear layer formed. As a result, the bed was eroded at the zone located between the cylindrical rods and the centreline of the flume and an elongated scour hole was formed through the test section.
For Test 4, it was observed that, due to the local scour around individual rods, the lateral extension of the eroded zone at the inner bank was greater than that of Test 3. It took approximately 1 hour for the front of the middle bar to reach the end of the test section. The rate of the extension of the first and last bars was slower than that of Test 3. Also, surface waves were observed similarly to Test 3. However, as the longitudinal space between the consecutive rows of the cylindrical rods was large for Test 4 when compared to Test 3, the surface waves travelled a longer distance and hit the outer bank near section C3. Similarly to Test 3, at the beginning of Test 4 considerable scour occurred around the first row of the cylindrical rods in the array. Time variations of the bed level at the apex of the inner bank for Test 2 (non-vegetated mobile bed) are shown in Figure 3 . It is clear that the inner bank is subject to erosion.
At the apex of the inner bank the bed was eroded rapidly and eventually reached equilibrium conditions after 9 hours. Although the hydraulic conditions of the experimental tests were designed to ensure no general erosion occured through the channel, visual observation of grain movements showed that the local sediment transport at the thalweg was considerable at the initial stages of bed deformation. The eroded sediments formed a relatively large sand wave at the bend exit (cross-section C5). It should be mentioned that the bed level variations for the test with a single row and the test with a double row of vegetation were similar to Figure 3 .
In Figure 4 (a)-(e) the transverse variations of the channel bed are depicted for cross-sections C1-C5. It is seen in Figure 4 (a) that at the cross-section C1 for the non-vegetated test, considerable erosion occurred at the inner bank and a point bar formed close to the channel centreline, whereas the bed at the outer bank had minimum erosion. After implanting the vegetation elements as a single row, the location of the maximum scour depth moved outward from the inner bank and the point bar diminished. This provides evidence that the vegetation can significantly affect the bed topography and reduce the scour depth at the inner bank of mild ingoing meander bends. From the channel centreline towards the outer bank, the bed is not considerably affected.
At section C2 ( Fig. 4(b) ), the general shape of the deformed bed at the equilibrium conditions was the same for the cases with and without vegetation. However, the maximum scour depth at the inner bank was reduced by up to 15%, 30% and 42% for the cases with one row, two rows and the hybrid arrangement of vegetation, respectively.
The effect of vegetation on bed topography is more pronounced at section C3 ( Fig. 4(c) ). Use of one row and two rows of vegetation reduced the maximum scour depth by about 77% and 62%, respectively, at the bend apex. Also, the hybrid arrangement reduced the maximum scour depth at the bend apex by up to 73%. At section C4 ( Fig. 4(d) ) the difference in maximum scour depth is more obvious. At the inner bank scour did not occur, but some sedimentation was observed, which showed that the point bar was in motion. This pattern is continued to section C5 ( Fig. 4(e) ) where the point bar reaches its maximum height. It is surprising that after implanting vegetation at the inner bank, especially for the case with two rows of the vegetation, the pattern of erosion and sedimentation at section C5 is reversed. This may be due to the effect of the vegetation diverting flow towards the opposite side. As the value of the width-todepth ratio is small (B/H = 2.6), this is in agreement with the findings of Abad and Garcia (2009) , who recognized a hydraulic transitional region between consecutive bends. It seems that, if the bend following the test section were protected by vegetation, the considerable scour observed at section C5 would be relieved. Hence, if vegetation is considered as an alternative for river bank protection, it is important to take into account the consequences of the vegetation on the next reach of the river. Therefore, from Figure 4 (a)-(e) it can be concluded that any arrangement of vegetation used in the present study is useful for reducing the maximum scour depth at the inner bank of mild ingoing meander bends. Also, a wider and denser vegetation zone does not ensure better protection of the bed. (Fig. 5(a) ), the flow field is more uniform than for the moveable-bed tests ( Fig. 5 (b)-(e)). The vertical gradient of the longitudinal velocity near the bed is very high at the inner bank whereas the velocity gradient is low at the outer bank region for the fixed-bed test. This implies that there is greater potential to erode the bed at the inner bank region; this is consistent with the moveable-bed tests, where it was found that the bed scoured at the inner bank (see Fig. 5(b) ). Studies undertaken by Whiting and Dietrich (1993) and Yalin and da Silva (2001) have revealed that bed topography increases the redistribution of longitudinal velocity. As previously reported by Roca et al. (2009) , the distribution of the longitudinal velocity for the moveable-bed test does not uniformly increase from the bed towards the water surface ( Fig. 5 (b)). Also, the maximum velocity was reduced in the test with a moveable bed as compared to the fixed-bed test. This may be due to the increasing flow area after the bed is eroded, which results in an increase in the water depth at the inner bank. For example, the flow area for Test 2 (moveable bed) increased by 35% when compared to Test 1 with a flat rigid bed. It is clear that the velocity distribution adjusts to the bed topography. The core of the maximum velocities shifts towards the centreline of the bend after planting the vegetation at the inner bank. A high lateral gradient of the longitudinal velocity is observed between the vegetated zone and the bend centreline. This leads to momentum transfer by the secondary flow and hence acceleration at the bed adjacent to the vegetated zone. Figure 6(a) shows the variations of the longitudinal velocity near the bed (5 mm above the bed) through the test section for the fixed-bed test normalized by the mean-flow velocity. It is clear that the longitudinal velocities are high close to the inner bank. As the flow passes the bend apex, flow separation occurs and the flow is diverted towards the opposite side. At the bend exit the high-velocity zone is located at the outer bank, which is followed by the inner bank of the following bend. As shown in Figure 6( Vertical distributions of the streamwise velocity at the inner bank, centreline and outer bank at the meander apex are shown in Figure 7 for comparison. The vertical velocity distribution was also compared with a logarithmic law velocity distribution (denoted by LLM in Table 1 ). Although LLM is only applicable to parts of the flow that are adjacent to the wall (about the lower 20% of the height of the flow), it is a good estimate for the full velocity profile of many natural rivers (Mohrig 2004) . As can be seen in the fixed-bed test, the velocity profiles are flatter than a logarithmic distribution, especially at the outer bank and centreline of channel. Furthermore, the velocity is low at the outer bank and increases towards the inner bank. For the moveable test, the measured velocity profiles deviate more from the logarithmic law. At the centreline of the channel, velocity increases upwards from the bed and then decreases towards the free surface after reaching a specific depth. Velocity at the inner bank is lower than that at the outer bank and centreline. Also, the velocity is significantly decreased when compared to the fixed-bed test.
Longitudinal velocity distribution
For the tests with vegetated banks, the velocity profile at the inner bank is completely different from that at the centreline and outer bank of channel. At the inner bank and centreline, the velocity increases monotonically from the bed towards the free surface. However, at the outer bank, velocity increases from the channel bed, reaches its maximum value near the bed, and then decreases towards the water surface. In the vegetated tests, velocity at the inner bank was lower than at the outer bank and centreline except in a small region close to the bed. It is interesting to note that the shape of the velocity profile at the inner bank is different from that at the outer bank and centreline, particularly at z < 3 cm (Fig. 7(c) ). Similar trends can be observed in Figure 7(d) , showing that the presence of vegetation results in the velocity profile deviating from the LLM.
In this study, an effort was made to examine the accuracy of the available models for predicting the longitudinal velocity distribution in mild ingoing meander river bends. For this, the results obtained from the models proposed by Rozovskii (1961) , Johannssesson and Parker (1989) , Bridge (1992) and Mozaffari et al. (2011) were compared with the measured data from the experimental tests of the present study. The standard error (SE) is used as a performance indicator. The standard error is defined as:
where U p and U o are the predicted and observed values of the streamwise velocity, respectively, and n is the number of observations. Good agreement was found between the predicted values and observed values (SE = 0). The values of SE for different models at the inner bank, centreline and outer bank of the bend apex (section C3) for different tests are presented in Table 3 . In Table 3, 2011). These models were selected due to their common application for prediction of streamwise velocity distributions and also because they are straightforward for engineering purposes. As can be seen in Table 3 , for the fixed-bed test, the lowest value of SE was found for the BM model. On the other hand, the MM model yields poor results overall. For the moveable beds with no vegetation implanted at the bank, the JPM model seems to be the best predictor of the velocity distribution in mild ingoing meander rivers. The RM, BM and MM models gave noticeably poor results. The LLM model has the highest values of SE, especially at the outer bank. This may be attributed to the secondary current effect, which is not considered by the LLM model. For the moveable test with one row and two rows of vegetation, the JPM model is the most suitable predictor at the inner and outer banks. At the centreline of the channel, the RM and BM models produced the lowest values of SE.
Generally, the results indicated that the JPM model is the best model for predicting the distribution of the streamwise velocity in mild ingoing meander rivers. As the LLM model does not consider the effect of secondary currents, it is not recommended as a predictive model of the velocity distribution in mild ingoing meanders. The total mean value of SE was found for the LLM model and it is two times that of the JPM model. It is interesting to note that the values of SE obtained from the RM and BM models are nearly identical.
The directions of the streamlines are sketched in Figure 8 . One row of the vegetation can significantly divert the flow outward from the inner bank and hence protect the bank from erosion (Fig. 8(c) ). As a result, it seems that vegetation helps to move the zone of high streamwise velocity from the inner bank of the bend apex to the bend exit.
Radial velocity distribution
Variations of the normalized radial velocity are shown in Figure 9 . For the fixed-bed test ( Fig. 9(a) ), there are consecutive peaks of negative and positive values of the radial velocities. As the streamlines encounter the rigid vertical wall at the bend entrance, from section C1 to C3, a region of high radial velocity towards the outer bank is observed. Radial velocity presents a peak of negative values at section C2 close to the centreline of the flume, but it presents a peak of positive values at section C3 close to the outer bank. However, at section C4 it changes to a peak of negative values close to the inner bank. It seems that this regular pattern is repeated for the third bend. For most of the points located between section C3 and section C5 the radial velocities are positive, which shows that the directions of lateral velocity are influenced by the third bend.
For the moveable-bed test ( Fig. 9(b) ), the radial velocity becomes more uniform through the test section. Negative values of the radial velocities at the inner bank change to positive values at the outer bank. For the test with a single row of vegetation ( Fig. 9(c) ), diversion of the stream lines is significant due to the effect of vegetation and the radial velocities show negative values, which implies that velocity values incline towards the outer bank. At the inner and outer banks, values of radial velocity are low, but they increase with distance from the banks towards the bend centreline. Maximum values are observed at section C2 at the centreline of the bend. As the longitudinal extent of the vegetation elements for the test with a double row of vegetation is greater than for the test with a single row, the flow impinging from the bend entrance towards the inner bank passes through the vegetated part of the bend (Fig. 9(c) ). Hence, high negative values (outward) of the radial velocities are observed at the apex of the inner bank.
Vertical velocity distribution
Variations of the normalized vertical velocity for the different tests are shown in Figure 10(a)-(d) . For the fixed-bed test (Fig. 10(a) ), values of the radial velocity are very small compared to the longitudinal velocity. For the region near the outer bank at section C1 and the region near the inner bank at section C5, vertical velocities are positive, which shows that the velocity vector is upward. Section C1 is influenced by the first bend located upstream of the test section. However, for the centreline of the bend, the values of the vertical velocity remain relatively constant. The consecutive positive and negative values in spanwise and vertical directions visible in the radial and vertical velocity patterns correlate and suggest the presence of secondary currents near the bed. The maximum dimensionless radial and vertical velocity corresponds to 40% of the mean velocity, which is greater than those proposed by Tominaga et al. (1999) for straight rectangular channels (i.e. 2% of the mean velocity). For the moveable-bed test (Fig. 10(b) ) the vertical velocities near the bed become more uniform. Hence, as the meander bed is deformed, the cross-circulation of the flow is reduced. Throughout the test section, except at the inner bank between section C1 and section C2, the vertical velocities are positive (upward) . For the test with a single row of vegetation, variations of the vertical velocities adjacent to the vegetation are high, which shows that near the vegetation the secondary currents become stronger (Fig. 10(c) ). Also, negative and positive peaks are observed at the centreline of section C3 (middle of the test section). Following the bed topography at this section (Fig. 4(c) ), it is seen that these negative and positive peaks correspond to the local maximum scour depth and the ridge of the accumulated sediment particles, respectively. Figure 10(d) shows the distribution of the vertical velocity for the test with double rows of vegetation. At the inner bank between section C3 and section C5 adjacent to the vegetated zone, high positive values are observed. From Fig. 4(d) -(e), it is seen that these high positive values correspond to the ridge formed in the test section. As the order of magnitude of the streamwise velocity is greater than those of radial and vertical velocities, the trend of transverse variations of mean-flow TKE follows the variations of the streamwise velocity for all the tests, similarly to what was observed by Termini and Piraino (2011) . For both the fixed and moveable-bed tests (Fig. 11(a) and (b) ), the streamwise velocity decreases outward, whereas for the single and double row tests a bulge (a peak value) is observed in the velocity profile. As the vegetation row is doubled, the bulge moves outward and streamwise velocity decreases in moving towards the outer bank. It is clear that the vegetation has reduced the MKE at the inner bank. For the fixed-bed test (Fig. 11(a) ), values of the TKE are low and increase outward. For the moveable test ( Fig. 11(b) ), a bulge is observed in the lateral variations of the TKE. Compared to Figure 4(c) , it is found that this bulge corresponds to the local ridge formed at the channel centreline. This is in agreement with the findings of Blanckaert and Graf (2001) and Termini and Piraino (2011) , who reported that the TKE reaches its maximum value at the channel centreline and follows a decreasing trend very close to the outer bank at the bend apex. Contrary to the fixed-bed and non-vegetated moveable-bed tests, the trend of the variations of TKE for the vegetated tests is decreasing. In other words, for both single rows and double rows of vegetation, the TKE is high in the vegetated zone but drops rapidly outside of the vegetation layer and decreases outward monotonously. However, it seems that, except for the first third of the bend width (at the inner bank), values of MKE and TKE are the same for the fixed bed and single and double rows of vegetation. The MKE and TKE are calculated using Equations (2) and (3):
Mean and turbulent kinetic energy
Lateral variations of the normalized kinetic energy content of the cross-sectional motion (CKE) or intensity of the secondary currents are shown in Figure 12 (a)-(d). The CKE is defined as:
The MKE, TKE and CKE values are presented in Table 4 . It is seen in Figure 12 (a) that for the fixed-bed test values of the CKE are of low compared to the other tests. The moveable, single row and double row tests have a peak with maximum value at about the channel centreline. For the single row test, the CKE values are low at the vegetated layer, whereas they increase outward and reach a maximum value at the channel centreline and then reduce towards the outer bank. As the longitudinal extent of the vegetation elements is greater for the double row test than for the single row, cross-circulation flow encounters less disturbance and the secondary current increases. Hence, the CKE has a local maximum at some distance from the inner bank in the vegetated layer for the double row test; it reaches a minimum at the edge of the vegetated layer and then increases towards the channel centreline. It seems that secondary currents are weak at the banks and vegetation amplifies their strength, especially at the centre region of the bend apex. However, Blanckaert and Graf (2001) reported that in addition to a centre-region cell of secondary currents (the classical helical cell) a weaker counterrotating cell is observed in the corner formed by the outer bank and the water surface. However, as the measurement grid of the present study does not cover the top 50 mm of the flow near the water surface, the outer bank was not observed. For all the tests, the maximum value of the intensity of the secondary flow occurred near the centreline of the channel, and it moves towards the outer bank for the test with a double row of vegetation. However, it is clear that the intensity of the secondary flows has been increased by the presence of the vegetation.
The composition of the total kinetic energy is summarized in Table 4 . The MKE predominates and contains more than 90% of the total kinetic energy in all the tests. The kinetic energy content of the cross-sectional motion increases from 0.05% to 4.42% for the fixed-bed and double row tests, respectively. Figure 13 (a)-(d) show the distribution of the turbulence intensity along the test section normalized by the shear velocity. It is clear that vegetation increases the uniformity of the distribution of the turbulence intensity along the test section. For the double row test ( Fig. 13(d) ) the turbulence intensity is somewhat greater at the vegetated zone near the inner bank. 
Reynolds shear stress
is the shear velocity, τ 0 ¼ ρgRS is the bed shear stress, g is the acceleration due to gravity, R is the hydraulic radius and S is the bed slope. For the fixed-bed test ( Fig. 14(a) ), the Reynolds shear stress increases moving downstream along the test section. Also, maximum values of the Reynolds shear stress occur at section C4 and section C5 near the inner bank. At the channel centreline, the stress is more or less constant and especially so from the centreline towards the outer bank. For the moveable-bed test (Fig. 14(b) ), the distribution of the Reynolds shear stress is similar at the different sections, especially between the inner bank and the channel centreline. For the region located near the outer bank, values of the stress are very low, which agrees with the bed topography depicted in Figure 4(b) . Figure 14(c) shows the distribution of the Reynolds shear stress for the single row test. It can be seen that the stress is increased near the inner bank, which may be related to the local acceleration of the flow near the bed due to the vegetation elements. It should be mentioned that the first measurement point near the inner bank at each cross-section was located adjacent to the vegetation elements where the velocity seems to be increased. For the double row tests ( Fig. 14(d) ), excluding the regions near the banks, the distribution of the Reynolds shear stress is fairly uniform. At section C5, near the outer bank, the stress increases, which correlates with the considerable scour in this region.
Mass fluxes
It has been proven previously that the vertical average of the cross-circulation is zero, whereas that of the convective component is not, and this produces a net flux of mass in the radial direction (Dietrich and Smith 1983 , Yalin 1992 , Termini and Piraino 2011 . Figures 15(a) show the distributions of the radial, m y , and streamwise, m x , mass flux per unit downstream length and unit time, respectively, defined as:
where ρ is water density, H is the local water depth, V d and U d are the depth averages of the radial and streamwise velocities. In these figures, positive values of m y and m x correspond to fluxes of mass towards the inner bank and downstream, respectively. It can be observed in Figure 15 (a)-(d) that values of the radial flux are mostly negative, which shows the mass flux is from the inner bank outward.
These results follow those of Termini and Piraino (2011) for large-amplitude meander bends. For the fixed-bed test (Fig. 15(a) ), values of the radial flux are low compared to the other tests. For the moveable test, values of the radial flux are more or less constant for the left half-width of the bend; they reach a maximum negative value at the channel centreline and then change sign and move towards positive values at some distance near the outer bank. The trend of variations of the radial flux for the tests with a vegetated bank is completely different from those of non-vegetated tests. For the single row test (Fig. 15(c) ), the radial flux decreases from the inner bank to a local minimum at some distance from the bank and then increases towards the centreline, but decreases towards the outer bank. For the double row test (Fig. 15(d) ), the radial flux increases from the inner bank towards the middle of the vegetation rows and then decreases towards the outer edge of the vegetated layer. It then increases towards the channel centreline and decreases monotonously towards the outer bank. Termini and Piraino (2011) attributed the decrease in the radial mass flux to the presence of a thin circulation cell near the free surface.
In comparison with Figure 12 , it was found that the distribution of the radial mass flux and the intensity of the secondary currents are somewhat opposite. The location of the minimum of the intensity of the secondary flows corresponds to that of the maximum of the radial mass flux. Also, positive/negative gradients of the intensity of the turbulence match negative/positive gradients of the radial mass flux.
Variations of the streamwise flux of mass are shown in Figure 16 positive in all the tests, showing that mass flux is towards the downstream. It seems that the trend of variations of the streamwise mass flux follows that of the depth-averaged streamwise velocity (Fig. 11) .
For the non-vegetated runs, the streamwise mass flux decreases monotonously from the inner bank towards the outer bank ( Fig. 16(a)-(b) ). Also, the maximum value of the flux for the vegetated runs occurs at approximately the channel centreline and moves outward with doubling of the vegetation rows.
Conclusions
In this study, bed topography, mean-flow and turbulence characteristics in a mild ingoing meander bend with vertical rigid walls were investigated. Vegetation implanted at the inner bank proved to be surprisingly efficient in nullifying the converging streamlines produced in channel bends, which often lead to accelerated scour of river banks. In some cases vegetation reduced the maximum scour depth at the bend apex by up to 77%. The core of the maximum velocities shifted towards the centreline of the bend after planting the vegetation. Also, the contribution of the kinetic energy content of the cross-sectional motion increased from 0.05% for the fixed-bed test to 4.29% for the test with a double row of vegetation. Different velocity distribution models were compared. Results showed that the JPM gave the lowest value of SE. The RM and BM were very similar. However, the LLM produced the highest error. Overall, in a mild ingoing meander river bend, the JPM seems the most appropriate method. It was found that the location of the minimum of the intensity of secondary flows corresponds to the maximum of the radial mass flux. It was found that the uniformity of the distribution of the turbulence intensity increases due to the impact of the vegetation. Also, the Reynolds shear stress along the bend was reduced significantly for the vegetated cases. Further study is required to generalize the above results and then to apply them in real situations.
Disclosure statement
No potential conflict of interest was reported by the authors. 
